Previous studies have suggested that living kidney donors maintain long-term renal function and experience no increase in cardiovascular or all-cause mortality. However, most analyses have included control groups less healthy than the living donor population and have had relatively short follow-up periods. Here we compared long-term renal function and cardiovascular and all-cause mortality in living kidney donors compared with a control group of individuals who would have been eligible for donation. All-cause mortality, cardiovascular mortality, and end-stage renal disease (ESRD) was identified in 1901 individuals who donated a kidney during 1963 through 2007 with a median follow-up of 15.1 years. A control group of 32,621 potentially eligible kidney donors was selected, with a median follow-up of 24.9 years. Hazard ratio for all-cause death was significantly increased to 1.30 (95% confidence interval 1.11-1.52) for donors compared with controls. There was a significant corresponding increase in cardiovascular death to 1.40 (1.03-1.91), while the risk of ESRD was greatly and significantly increased to 11.38 (4.37-29.6). The overall incidence of ESRD among donors was 302 cases per million and might have been influenced by hereditary factors. Immunological renal disease was the cause of ESRD in the donors. Thus, kidney donors are at increased long-term risk for ESRD, cardiovascular, and all-cause mortality compared with a control group of non-donors who would have been eligible for donation.
Living donor kidney transplantation is the preferred treatment for end-stage renal disease (ESRD), because it is associated with improved graft and patient survival compared with transplantation from a deceased donor. 1 Living kidney donation, however, requires that healthy individuals voluntarily undergo major surgery with no physical health benefit to themselves. Although rare, perioperative mortality does occur during organ retrieval from living donors and have been estimated to occur in 0.2% of liver donors and 0.03% of kidney donors. 2, 3 Less serious perioperative risks are accepted and well documented. 3, 4 Kidney donation inevitably leads to reduced renal function and is associated with an increase in proteinuria, as well as a rise in blood pressure (BP) greater than that attributable to normal aging. 5, 6 These factors are associated with an increased risk for cardiovascular and all-cause mortality in the general population. [7] [8] [9] Follow-up studies of living organ donors have not reported increased cardiovascular and all-cause mortality, but results may have been confounded by selection bias in the control groups. In most studies, controls were selected from the general population, which includes adults with medical conditions that would make them ineligible for kidney donation. [10] [11] [12] As a result, these controls would have been less healthy than the living donors and an effect of organ donation on all-cause and cardiovascular mortality could have been underestimated. Three studies have included control groups selected to have comparable health status to the living donors, and each of these demonstrated no increase in cardiovascular disease or mortality over a follow-up time of approximately 6 years. 3, 13, 14 It is possible, however, that living donors may be at increased risk of death for many years beyond the period that has been investigated to date. Thus an analysis with a longer follow-up time may be necessary to examine the possible impact of living donor nephrectomy. Occurrence of ESRD in living donors has also been observed long term after kidney donation although the absolute number of cases presented has been very low, and it is uncertain whether the statistical assessment used has been sufficient.
The aim of the present study was to estimate long-term all-cause mortality, cardiovascular mortality, and risk for ESRD in kidney donors compared with a selected control group screened for eligibility for live-kidney donation. Figure 2 shows the survival data for donors and controls. The survival curves were significantly different (Po0.001). (Table 2b) .
RESULTS

During
A total of nine donors (0.47%) developed ESRD. All were family members. Median time from donation was 18.7 (10.3-24.3) years. Renal failure in donors was mainly caused by immunological diseases: glomerulonephritis (n ¼ 3), systemic lupus erythematosus (n ¼ 1), Wegener's granulomatosis (n ¼ 1), ANCA (anti-neutrophil cytoplasmic antibodies)-positive vasculitis (n ¼ 1), sarcoidosis (n ¼ 1), and diabetes/nephrosclerosis (n ¼ 2). In the control group, 22 individuals developed ESRD. Reported causes were glomer- 
l i n i c a l i n v e s t i g a t i o n
Kidney International (2014) 86, 162-167 drug induced nephropathy (n ¼ 1), medullary cystic disease (n ¼ 1), and unknown (n ¼ 1). The crude incidence of ESRD in donors was 302 per million person-years. The overall incidence rate for development of ESRD in Norway is about 100 per million per person-year. After multiple imputation of missing values, the estimated HR for ESRD in kidney donors was 11.38 (4.37-29.63, Po0.001) (Table 2c) .
Assessing competing risks for the outcomes of cardiovascular death and ESRD did not change our findings. Neither did repeating analyses after excluding donors with eGFR o80 ml/min per 1.73 m 2 .
DISCUSSION
Our analysis demonstrated a significant increase in ESRD, cardiovascular, and all-cause mortality during long-term follow-up after living kidney donation compared with a selected population of non-donors who would have met the criteria for donation.
Living kidney donation is associated with a known perioperative mortality risk 3 and a small risk of major complications related to the surgical intervention, 4 but the use of living donor kidneys has nevertheless become routine. Most published studies have used unselected general populations as the control group, 4, 10, 15, 16 skewing results in favor of the donor cohorts as controls with coexisting medical conditions such as cardiovascular disease, malignancy, diabetes, hypertension, and chronic kidney disease were included that would have made them ineligible for kidney donation. Clearly, living donors are very carefully selected and an appropriate comparison group should be selected in a similar manner. Lin et al. 17 demonstrated that applying donor health criteria to an unselected population would yield a group with a lower mortality rate. Such a group would clearly be more relevant for mortality comparisons with living donors, but so far only three studies have been published with appropriate controls. 3,13,14 Garg et al. 13 used health administration data to identify a control group, excluding individuals with relevant diseases. During a follow-up period of 6 years, they found no survival difference between kidney donors and a selected control group. More recently, Garg et al. 14 studied more complete data from follow-up of donors in a region of Canada, which confirmed the findings of their initial report. Segev et al. 3 compared a cohort of kidney donors with a control group from the third National Health and Nutrition examination Survey study (NHANES III study). Controls were initially selected according to self-reported medical history to fit donor criteria and then a refined match for age, gender, and education. For the overall cohort of donors and controls, the median follow-up time was approximately 6 years. When assessing the influence of BP, body mass index (BMI), and smoking, a smaller cohort was followed for a relatively short time (median 2.1 years). 3 Donation was not found to be associated with an increase in all-cause mortality.
We also observed no increase in all-cause mortality during the initial 5-10 years after donation, but thereafter the survival curves began to deviate (Figure 2 ). In the general population, there is a robust association between reduced kidney function and mortality and premature vascular death. Several studies have reported that increased BP, albuminuria, and reduced renal function are associated with increased all-cause and cardiovascular mortality. [7] [8] [9] These risk factors are more prevalent in kidney donors following nephrectomy. 5, 6 As a result, concerns have been expressed that kidney donation could lead to increased cardiovascular morbidity and mortality. 13 Despite the inevitable reduction in renal function after nephrectomy, and evidence from the general population, it appears that the medical community has not regarded loss of renal function in living kidney donors as a long-term risk factor for mortality and cardiovascular disease.
The incidence of ESRD in our study was comparable to that seen in some previous studies, although the incidence of ESRD in kidney donors is assumed to be lower than that in the general population. 11, 15, 16, 18, 19 In our study, the donors had a substantially increased risk for developing ESRD compared with selected controls. The causes of ESRD were different in donors and controls. Seven out of the nine donors requiring renal replacement therapy had a primary renal disease. This was less common in controls. A likely explanation for the increased risk in donors may be linked to genetic factors, as the majority were immediate family members. It is well known that relatives of patients with chronic kidney disease have an increased incidence of renal disease. 20 Accordingly, the increased incidence of ESRD in our cohort of kidney donors could be related to hereditary factors and not only nephrectomy.
There are some limitations to our study. All controls lived within one county, whereas kidney donors were drawn from all over Norway. We had no data on renal function in the control group, although this information would be likely to increase the observed risks in donors. Longer follow-up time in controls may have influenced detection of ESRD cases. Due to missing data, we could not adjust for the level of education. However, we have previously shown that about one-third of Norwegian donors receive higher education. 21 Only 10% of controls are educated to this level. Adjusting for level of education would therefore most likely increase the risk estimates for donors. However, we could not fully adjust for unmeasured confounders, for example, unknown comorbidities or differences in health-related behavior. If we anticipate a beneficial effect of health by close follow-up, the donors will be favored-strengthening our conclusions. Our results may be difficult to extrapolate to unrelated donors and non-Caucasians. 18, 20 The strength of our study is complete follow-up of all donors and controls with certified causes of death. In the majority of patients, data were available regarding BMI, smoking, and BP, three major cardiovascular risk factors. The major difference between our study and the studies by Garg et al. 14 and Segev et al. 3 is the longer follow-up time and the larger number of events.
Our findings raise some medical and ethical considerations regarding live-kidney donation. The present study indicates potential increased long-term risks for kidney failure and mortality in kidney donors. However, this has to be put into perspective. Living donor transplantation has been a necessity and essential part of providing patients with ESRD freedom from dialysis and giving the transplanted patients a superior quality of life. Most potential living donors are willing to accept a degree of risk when the recipient is a family member or a close friend. We have, as one of the first transplant centers worldwide, strongly advocated this practice for more than four decades. Our findings will not change our opinion in promoting live-kidney donation. However, potential donors should be informed of increased risks, although small, associated with donation in short-term and long-term perspective.
An accepted ethical principle is that donors who are willing to donate may do so as long as they meet certain health criteria, have sufficient information about the consequences of the donation process, and informed consent has been obtained. Therefore, any newly recognized risks should be implemented in donor information procedures. Further long-term studies with appropriate controls are needed to fully judge the risks of kidney donation.
MATERIALS AND METHODS
In Norway, all kidney transplantations are performed at a single center (Oslo University Hospital, Oslo, Norway), of which 30-40% of kidney transplants are from living donors. When living donation was introduced in the 1970s, only genetically related donors were permitted, but from 1983 spouses became eligible to donate, which extended to close friends in 1995. During the 1970s and 1980s, the high proportion of living donor kidney transplants in Norway was regarded as pioneering by other Western transplant programs, and means that a relatively large number of donors with long follow-up are available for analysis. Moreover, from the start of the living donor kidney transplant program in the 1970s, Norway established a network of nationwide registries and systems for donor follow-up that now permit accurate evaluation of long-term follow-up.
Potential donors have been evaluated according to the existing guidelines, but medical practice and donation criteria have changed over time. As in most other programs, a few living donors have been allowed to donate after evaluation despite contraindications, such as antihypertensive-treated hypertension, low-normal renal function, or obesity. In the present analysis, these marginal donors were excluded; only donors who were selected according to the standard guidelines were included in the study. 22 Exclusion criteria were: antihypertensive medication, BP4140/90 mm Hg, BMI430 kg/m 2 , 470 years or o20 years of age, macroalbuminuria, or eGFR o70 ml/min per 1.73 m 2 ( Figure 1 ). eGFR was calculated using the chronic kidney disease Epidemiology Collaboration equation. 23 Healthy matched controls were included from the HUNT 1, a population-based survey carried out between 1984 and 1987. This cohort was selected to allow for sufficient follow-up time. All residents of Nord-Trndelag county, aged X20 years, were eligible, out of which 74,991 (88.1%) took part in the survey. A more comprehensive description of the survey is available at the HUNT study's website (www.medisin.ntnu.no/hunt/). To achieve appropriate controls for kidney donors, only subjects with BPp140/ 90 mm Hg and BMIp30 kg/m 2 were included. Furthermore, only those who rated their own health as 'good' or 'excellent' were selected. Individuals with diabetes, cardiovascular disease, or using BP-lowering medication were excluded. Data on renal function and albuminuria were not available for controls.
No donors were lost to follow-up. Information on mortality and cause of death was obtained from Statistics Norway, through a unique 11-digit identification number given to all Norwegian inhabitants at birth. Causes of death were based on International Statistical Classification of Diseases and Related Health Problems (ICD), versions 8-10. Cardiovascular death was defined by ICD-10 codes ranging from I00 through I99. Sudden death (ICD 10 code R99) was not included as cardiovascular death.
All donors and controls with ESRD receiving chronic dialysis treatment or kidney transplantation were identified by cross-linking the identity of donors to the Norwegian Renal Registry. This registry includes all Norwegians receiving renal replacement therapy. The annual report can be accessed at www.nephro.no Statistical analyses were performed using Stata version 11SE (StataCorp, 4905, StataCorp, College Station, TX). Parametric and non-parametric tests were chosen as appropriate for descriptive comparisons. Cox regression was used to investigate the outcomes of all-cause mortality, cardiovascular mortality, and renal replacement therapy. The proportional hazards assumption was tested using observed versus expected plots and Schoenfeld residuals. Survival analyses were adjusted for age, gender, year of inclusion (donation), systolic BP, smoking status, and BMI.
Due to missing data for smoking (27.4%), systolic BP (6.3%), and BMI (17.3%), survival analyses were repeated after replacing missing data using multiple imputations. 24 Missing values were estimated based on known covariates and outcome variables; 20 sets were created and pooled for analysis. Final multivariate analyses after multiple imputations, shown in the tables as 'adjusted 2', were considered the main analyses. To enable construction of a survival curve, matching on age, gender, systolic BP, BMI, and smoking was done using coarsened exact matching. 25 After multiple imputations and matching, survival curves were constructed adjusted for year of inclusion. For the outcomes of ESRD and cardiovascular mortality, competing risks were assessed by sensitivity analysis and competing risk regression. 26, 27 In accordance with some center's practice for pre-donation renal function, Cox regression analyses were repeated with a cutoff for eGFR of 80 ml/min per 1.73 m 2 , which did not change our results.
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